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I. INTRODUCTION

Observat ions of the aurora l  morphology f rom space have been

car r ied  out recentl y with both the l ine-scanning radiometers  aboard .he

DMSP meterolog ical satellites [cf. Rogers  et al. , (1974 ); Snyder et a l . ,

(1974);  Mizera  et al., (1975)] and the auroral scanners aboard the ISIS-2

spacecraft (Lui and Anger , 1973; Lui et al., 1975) . These data , which

provide a global view, have opened a new era  in the study of the aurora .

V In general, the current satellite-borne instruments respond to visible and

near-visible atomic and molecular line emissions that resul t f rom colli-

sional excitation of the atmospheric constituents by the aurorai particles

(cf .  Jones , 1974). The DMS P sensor respond s to light in the 6000 .A to

10000 .A (FWHM) reg ion; the ISIS-2 sensors observe the 5577 A and 6300
0 0

A lines of atomic oxygen and the 3914 A line of molecular nitrogen. How-

ever , optical imag ing of the aurora suffers  from several limitations. For

example , since optical imaging requires a dark earth, sunlight and even

moonlight prohibits observations. Also, the optical emissions are related

to the input auroral electrons in a comp lex fashion dependent upon the

details of atmospheric chemical processes and thus are  not directly

interpretable in terms of the energy input of the precipitating electrons

( Jones, 1974). Furthe rmore, the precipitation of very energetic electrons ,

which occurs  at subauroral latitudes (Poternra and Zrnuda , 1970 , Torr , et

al. , 1975) is not seen at all in the visible wavelengths. In view of these

limitations , a global picture of electron precipitation using x -ray  wave-

lengths would be valuable.
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Observations of x - ray s at balloon altitude f rom precipitating

particles have been carr ied  out for some time (cf .  Ander son , 1965;

Kremser , 1967). The low energy threshold of such measurements is

of the order of 20 keV because the atmosphere absorbs softer photons

between the balloon and the source region. This cutoff restr icts  the

observations to energetic precipitation events. In order to observe

typical auroral precipitation, it is necessary to detect x-ray s in the

keV energy rang e and below. These soft auro r al x -ray s reach satellite

altitudes where they can be detected using technique s developed for x- ray

astronomy (cf. Peterson, 1975). Satellite observations of x- ray s gener-

ated by precipitating electrons have already been reported by Imhof (1975)

and Imhof et al, (1974 ), l975a), 1975b). However , these data were

obtained with a Ge(Li) spectrometer with a lowe r threshold of “-50 keV.

In this paper we present calculations of the low-ener gy satellite-altitude

auroral x-ray spectra that result  from some typical electron influxes.

The results of these calculations provid e an estimate of the soft x -ray

flux that is incident on satellite borne detector s which are exposed to

the auroral atmosphere.

The most familiar mechanism of auroral x - ray  production is the

bremsstrahlung process (Rees , 1964; Berger and Seltzer, 1972; V13 and

Venkatesan, 1975). At satellite altitudes, bremsstrahlung spectra above

-‘-10 keV are  expected to exhibit power law forms with spectral indices

that depend on the hardness  of the precipitating electrons (Seltzer and

Berger , 1974). Below 10 keV the bremsstrahlung spectra peak at an
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energy  that  is determined by both the incident e lect ron spect rum and

the atmospher ic  a t tenuat ion coeff ic ients , and then fall rap idl y toward

zero.  At tenuat ion  is largel y determined by the major  const i tuents ,

n i t rogen and oxygen. The absorption c ross-sec t ions  for  these elements

are g iven by Hubbell (1971) .

In addition to bremss t rahlung,  K-shell line emission contributes

to the aurora l  x - ray  flux at several discrete  energ ies. (I<raushaar ,

1974). The most important atmospheric emitters of K-shell x -ray s are

ni t rogen , oxygen and argon. These atom s emit I<,~. photons at 0. 396

keV , 0. 525 keV and 2. 96 keV , respectively. In Figure 1, the measured

cross sections of nitrogen, oxygen and argon atoms over a r ange of

incident electron energie s (Tawara et al. , 1973) are compared with the

bren-isstrahlung cross-sect ion for the emission of a photo n in the 400 eV

to 500 eV ene r gy range. Because the line emission is discrete whereas

bremsst rahlung is a continuum, the determination of the relative signal

s t rengths  in a sensor depend s upon its energy passband . A nominal value

of 100 eV was selected for  this comparison. The cross-section data

shown in Fi gure 1 indicate that line emission will be a major source of x - r ay

photons at low energy. in addition to serving as a major source of x- rays

for remote sensing of auroral  precipitation by satellite, Ka emission

provides a signature which identifies x-ray s of auroral  orig in. This

charac te ri s t ic  could be of great value to x-ray as t ronomers  who must

substract  atmospheric background s from their balloon and rocket-based

observations of galactic x-rays .  The K0 emission also provides a means
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Figure 1. Production Cross Sections for Nitrogen , Oxygen , and
Argon K~ Emission as Measured by Tawara et al. (1973).The cross section for bremsstrahlung emission in the
0.4- to 0 .5-keV band is shown for comparison.
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of remotel y sensing electron precipitation in othe r plane tary  atmo-

spheres , while y ielding informat ion  about the atmospheric  composition.

This paper descr ibes some calculations of the upward d i rec ted

x -r a y flux resul t ing f rom electron pre cipitation at a typical satell i te

altitude of 450 rim. Both bremss t rahlung and line emission are

considered. Emphasis is placed on energ ies between 100 eV and 10 keV.

The upward-directed x - ray  fluxes are calculated for  a plane-parallel

atmosphere excited by auroral  electrons with exponent i al energy spectra.

A more realistic case of an emitting auroral  arc below the satellite also

is considered for the same incident electron spectra. The calculational

procedure then is applied to the analysis of some previously reported

auroral x-ray and electron data.
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A.  1~~f l 1 t S S i U I 1  f r o m  a P1~IflI’ P ar a l l ~~l A t n l o Sp h ’ r e

A pt ’ ~~~ t’du i’~~’ has been develope d  I 1 .u h m a nn , ~~~~ I f o r  p r t  —

d ic t in g  t h e  b r e i ns s t  r a h i l i n g  s p e c t r u m  at a n y  atm osp h e r i c  c1e 1)th g i ven  ~.n

a r b i t r a r y  ele . - t t - on  s p e c t r u m  inc id e nt on a plane p a r a l l e l  a tmo s p h e r e .  A

F o I < k e r —  Plancb  e q u a t i o n  tha t  d e s c r i b e s  e l e c t r o n  p e n e tr a t i o n  in to  t h e

a tmosph e r e  was solved anal y t i c a l l y f o r  the case  of w i d e s p r e a d  stable

p r e c i p i t a t i o n  w i t h o u t  m a g n e t i c  m i r r o r i n g  ( L u hm a n n , 197 61)) .  The solu-

t ion g ives  the e l e c t r o n  s p e c t r u m  as a f u n c t i o n  of a l t i t u d e  as d e t e r m n i ri~ 1

b y ion iza t ion  loss .  Wi th  the aid of a s t andard  n u m e r i c a l  i n t e g r a ti o n

t e c h n i que , the local  volum e emissiv i t y  of x -r a y s  is com puted  f r o m  the

local e l e c t r o n  spec t rum and the c r o s s  sec t ion  for x - r a y  emi s s ion .  Ar ~

addi t ional  i n t e g r a l  de sc r i b ing  the r ad i a t ive  t r a n s f e r  of t h e s e  x - r a y s  in

• i 
the  a tmosphere  then p rov ides  the b r em s s t r ah lu n g  in tens i ty  at a g iven

a l t i t ude .  The hemisph e r i c a l  flux is obtained by i n t e g r a t i n g  t h e  i nt e n s i t y

over u p w a r d  or d o w n w a r d  d i r e c t e d  photon angles .

The adap ta t ion  of the b r e rn s s t r a hlu n g  ca lcula t ional  p r o c e d u r e

to l ine  emiss ion  is s t ra ig h t f o r w a r d .  The upward  d i r ec t ed  b r er n s s tr a h lu n g

fl ux at a tmosp he r i c  depth  X and photon e n e r g y  k , as seen by a sate~i i t e

wi th  a d o w n w a r d - l o o k i n g  hemisph e r i c a l  d e t e c t o r , is g iven by ( L u hm a n n ,

H 197( ~a ,I.

~~ (X . k)  = I dz7J
Up u p ( I )

~~ir/ 2
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Here ‘J~~~~~ is the intensity in photons /(cm 2 - sec-keV ) which is re la ted

to the Bethe-Heitler cross  section for b r e m sst r a h lu n g  emission

dcB
/dk through the formula

(1030 - X)  seci

~~up =1 ~ B exp (~~ a~~~ 
- x (sec Tl) dx sec~ (2)

where

PB (X , k ,1) =

~~~~ ~~~ 
f 

d~Lf dT ~~~~~
— f (

~, x, T) ~~~a, ‘1, 
T ) J (3)

The integral 
~ B is the volume emissivity for bremsstrahlung. Other

quantities that appear above are the photon direction angle 1, the mass

absorption coefficient for air 
~a’ the atmospheric depth in g-cm 2 x,

the mean atomic weight of the atmospheric consti tuent s M , the electron

kinetic energy T , the electron velocity v , the electron zenith-angle

cosine l~. the photon azimuth r, and the angular distribution of the

bremsstrahlung,  ~~~~~~ 11, r).  Figure 2 illustrates the geometric relation-

ship between the angles 1 and r~ The function f(~~, x , T) is the electron
5- 

1 distribution derived by Luhrnann ( 1976b). The Compton cross-sec t ion  was

set equal to zero in the formulation of the x- ray  flux integral  ( 1).  This

approxim ation is valid at the low energies of in teres t  because the Compton

cross-sect ion is very  small relative to the photoelectric cross-sect ion

for few keV photons in air. In order to obtain for a line , equation (3 )

- t a -

~~~~~~~ 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -~~~~~-.:~~~~~~~~~~~~~
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Figure 2. Geometry of Photon Emission
With Respect to the Electron
Velocity Vector , Showing
Orientation of the Photon
Direction Angle 1) and the

- Azimuth -t
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for the volume emissivity is restated in t e rms  of the c ros s -sec t ion  for

line emission C
K ( T) .

PK (x . kK . r
~)

x. ~K. (T )  ~
.._K

~L fd T  
~~~~ 

d1i. -
~~~

- f(~~, x, T) (4)

The subscript K identifies the above as the K-line ernissivity . In

equation (4), kK is the energy of the Ka photon. Subscript j denotes

the species of emitting at om, which has mass M. and constitutes a

fraction x./x of the atmosphere at dept h x. The angular distributio n
- 

- 
of photons emitted in the line is assumed to be isotropic. The quant i ty

A(in keV) is introduced because , although line emission is discrete (in

contrast to the bremsstrablung continuum), one must consider the finite

passband of a detector. Hence , the r atio Q
K /t

~ rep laces the differential

cross-section for bremsstrabl ung dcB/dk. One fur ther  mod ification is

• needed in the limits of integration over electron energy T. For bremss-

trahiung, only those electrons with kinetic energies of k or greater can

y ield a photon of energy k. For line emission the cross-sections have

a sharp low energy cutoff at the excitation energy of the K shell EK,
corresponding to the line of interest. Once this change in the calculation

• of the emissivity is effected , the cal culation of for the line proceeds

through the integral s (1 )  and (2) as in the bremsstrahlung flux calculation

with 
~ K replacing 

~~~ 
The numeri cal evaluation of equations ( 1)  - (4)

-14- 
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provides es t imates  of the b remsst rahlung  and K 0, line fluxe s f r o m  a

plane-paral lel  emit t ing atmosphere viewed by a d ownward-looking

hemispherical detector.

B. Finite Aurora Correction

Because auroral  emission is gene r ally confine d to a limited

region of the atmosp here as seen from a satellite , a method for estima-

ting the x-ray flux from an arc- l ike s t ructure  is desirable. An approxi-

mate correction to the infinite aurora  calculation can be incorporated

simply if it is assumed that only the primary unscat tered K0 photons

are  important. The geometry is il lustrated in Figure 3a. If the detecto r

is situated above the midpoint of the long axis of the arc , as shown here ,

• the finite aurora geometry can be included merely by res t r ic t ing the

angular integration over T and T 1 in equations ( 1 )  - (3). A corresponding

angular correction factor must be applied to equation (4).  Figure 3b

• illustrates how different T inte rvals can be specified for each direct ion

angle I in each of the numerical integration steps. This method of

correction actually restricts the angles from which photons can arrive

at the detector at the origin. In contrast, all T and 1 are covered

-~ by the integration in the infinite aurora case.

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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UI.  R ESULTS

A . Exponen t i a l  E l e c t r o n  Spec t ra

Fig u r e  4 i l l u s t r a t e s  some b r em s s t r a h lu n g  spec t ra  that

w e r e  ca lcu la ted  f r o m  equat ions ( 1 )  - (3) assuming normalized

exponent ia l  e l e c t r o n  s p e c t r a  incid ent on a plane-para l l e l  a tmosphere .

These r e s u l t s  r e p r e s e n t  t h e  observed spec trum at 450 nm f o r  c-fold-

ing e n e r g ies a of 1 , 5 , 10 , 15 and 30 keV. The inset , w hi ch is a

m a g n i f i c a t i o n  of the l o w - e n e rg y  s p e c t r u m  fo r  o equal to 1 beV and

15 kcV , shows the s t r u c t u r e  tha t  i s  i n t roduced  by the  K a b s o r p t i o n

ed ges  of n i t r o g e n  and oxygen. The cor responding  resu l t s  f rom the

Monte  C a r l o  ca lcu la t ions  of Sel tzer  and B c r g e r  ( 1 9 7 4 ) ,  which  (10 not

extend below 10 keV . compare  favorabl y with the presen t  ca l cu la t ion

- • at higher energ ies.

The K0 line f luxes for  the same case of a pa r allel a trn o-

sph e r e  and exponential e lect ron spectra w e r e  obtained f roni  equation

( 4 ) ,  In computing the l ine fl uxes, the f r ac t iona l  contr ibut ions  x / x

of each consti tuent  to the atmosp h e r e  w e r e  der ived f rom the Jacuh ia

model  atmosp here  ( Jacch ia , 1971) .  In all calculations of the line flux

a nominal value of 100 eV was adopted fo r  the  quant i ty  A which  appears

in equat ion  (4).  This is a typ ical value for the resolution (FWHM ) at

a 5~ ~
‘) keV of commercia l ly available x-ray detecto r systems employing

Si(1~i)  s e n s o r  e lements .  The meaning of a cons tant  A is that  the detec-

t o r s  have a r e c t a ng u l a r  energy  response, 100 eV wide, centered  on the

l ines  of in te res t.

-

~~~~~~~~ 

- 

- 1 7-

- 
- 

~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
•~~~~~ ~~T7... - -~~~~~~-



-~~~~~~~~~ -- .

I I I I

-s 450 nm
-4 1- —

I
I

I
.54 ‘

~~~~~~ a ’30 -

I ‘4%

I ‘4%

z -
~~~ I0) IC,,

15 -

I t ‘4.

Ia “I ‘4%
I •4.2 ~~10

-9 I

I ‘~~~ 5 -_I - 1 -

- 8 -  ~ . .
,-

. I -

....&
- - 4.’ •

~~
• I. a l b  ~... —~1

.

~ 
.—.——— .

- 9 —  .4 — —

I d I

.1 .5t 
-10 ____________________________ I

0 10 20 
k~keV) 

40 50 60
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Fi gure 5 show s how the ratio of line flux to bremsstrahlung

flux within the energy bands shown var ies  with the e-folding energy a

for  a plane-parallel  atmosphere.  As expected f rom the comparison of

c ross - sec t ions  that was g iven in Figure 2, the nitrogen and oxygen K~

line intensity dominate s the brernsstrahlung continuum. Both oxygen

and nitrogen ratios reach a m aximum at a ~ 10 keV because the integral

in equation (4) is a maximum near this value for the normalized exponen-

tial electron spectra considered here. The results shown in Figure 4

indicate that the .4 - .5 keV b r e m s s t r a h l u n g  flux does not va ry gr eatl y

with a. Variations in the line emission thu s determine the variation in

the flux ratios shown in Figure 5.

Figure 6 illustrates the effect that the fi nite aurora  correc-

• t ion has on the line to bremsstrahlung flux ratios. In this example , the

geometric model for the x-ray emitting arc was derived from an all-sky

photograph reported by Wilson et al. (1969). The inset shows the assumed

- - geometry of the emitting reg ion as seen from the satellite. The intensity

- ratios calculated for this arc diffe r from those in Figure 5 because of the

different  angular distributions of the bremsstrahlung and line emission.

Figures 5 and 6 togethe r indicate the order of magnitude of the possible

:-j intensity ratios. Most importantly, these resul ts  suggest  that K0 line

I emission can intensify the aurorai x-ray flux by 30 to 100 times in selected

energy windows of several hundred eV widths.

B. Application to Observations

With few exceptions, past experiments have provided either
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an auroral electron spectrum (Frank and Ackerson, 1971) or an x-ray

spectrum (Wilson et al., 1969) . Simultaneous observations of electrons

and x- rays  are recent and at relatively high energy (Irrihof , et al. , 1974).

In view of thi s historical development , it is interesting to

consider: 1) the x - ray  spectrum that a typical observed electron spe c-

trum would generate;  2) the electron spectrum that could have generated

an observed auroral x -r ay  spectrum, and 3) the comparison of some

calculated results with the recently reported correlated x - r a y  and elec-

t ron data of Imnhof , et al. (1974).

The inset of Figure 7 gives an auroral electron spectrum

that was observed by Frank and Ackerson (1971).  The main body of

Figure 7 shows some calculated bremsstrahlung fluxes for this incident

electron spectrum as well as the integral fluxes in the nitrogen and oxygen

• K0 lines. These results are for the limiting case of an infinite emitting

atmosphere and thu s represent an upper limit on the expected x-ray flux.

An estimate of the contributions of the line and continuum fluxes to obser-

vations can be obtained by dividing the line fluxes by the x - r a y  detecto r

bandwidth of interest. For 100 eV bandwidth detectors centered on the

line energies, the line to bremsstrahlung continuum ratio s are greate r

than ten for both nitrogen and oxygen.

Figure 8 shows an auroral x-ray spectrum that was observed

by Wilson et al. (1969) in the direction of the arc shown in Figure  6.

These observations did not include the energy range of the K~ lines. The

solid line is the resul t of a calculatio n by the present method for an incident

-22-
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power-law electron spectrum with a spectral index of -4. 4. This

elect ron spec t rum , which was suggested by Wilson et a l . ,  ( 1 9 6 9 )

apparent l y provides an x - r ay  spectrum that is consis tent  with the

observations. However, as shown by the dashed line , the x-rays

generated by the exponential electron spectrum with 0 1 keV also

reasonabl y fits the data. This example i l lus t ra tes  how the in ference

of an auroral  electron spectrum from x-ray data can be somewhat

ambiguous.

Imhof et al. (1974) reported correlated electron and x-ray

data. The observed x-ray f luxes were compa red with a spectrum

calculated from the measured electron fluxes using a Monte Carlo

technique.  For comparison , thi s sam e procedure  was carr ied  out

- I us ing the present  calculational method. Figure 9 shows the data

reported by Inihof et al. (1974) together with the reults  of the present

calculation. The x-ray spectrum obtained for the observed electron

spectrum from equations ( 1)  - (3) is indicated by the solid line. The

normalization is a rb i t ra ry  because the x - ray  and electron data were

obtained at di f ferent  locations. As Imhof et al. noted, the observed j
x- ray  spectrum is consistent with a bremsst rahlung origin. H
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IV. CONCLUDING REMARKS

Estinlates of the soft auroral x-ray flux between 0. 1 keV and

10 keV have been obtained using a numer ica l  method tha t  produces

approximately the sam e results  above 10 keV as Monte Carlo calcu-

lations, It was shown that K 0 line emission by impact-excited

oxygen and nitrogen atoms can increase the auroral  x - ray  flux below

a kilovolt by more than an order  of magnitude. Hence , the soft x - r a y a

expected from typical auroral  e lectron precipitation appear to be an

ideal medium for auroral imag ing from a satellite platform.

-27-

1. 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

- .
~~ 

•. .
~~
..- - - -

~~~~~. 
-5. -- ” - — 

‘, .

- ---.5- -.5--— ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



F-5- 
~~~~~ or

?n€cedi#~ ~j e  Yi~r,Y4~ ~~~~~~~~~~~

R E F E R E N C E S

A n d e r s o n , K .A .  1965 A u r o r a l  Phe nomena ,

ed. by M. Wolt, Stanford

University Press, Palo
Alto , California 46.

Berger , M. J. and 1972 J. Atmos. T e r r . Phys.

Seltzer , S. M. 34, 84.

Frank, L.A. and 1971 J. Geophys. Res .  77 ,

Ackerson, K.L. 4 1 16

Hubbell , J. H. 197 1 Atomic Data 3, 241

Imhof , W. L. 1975 International Conferenc e

on X-rays in Space U ni-

versi ty of Calgary ,  Cal gary ,

Alberta , Canada , 741.

• Imhof , W. L.,  Nakano , 1974 J. Geophys. Res. 79, 565.

G.H., Johnson, R.G. and

• Reagan , J. B.

lmhof , W.L., Nakano, G.M., 1975a J. Geophys. Res. 80 3622 .

Gaine s, E. E. and Reagan,

J. B.

Irnhof , W. L. , Nakano , G.H. 1975b 3. Geophys. Res. 80 3629.
-~ and Reagan, J.B.

Jacchia, L.G. 1971 Smithsonian Astrophys ical
Observato ry Special Report
332.

- 
Th Jones, A. V. 1974 Aurora, Reidel , Dortrecht.

_____________  -
1.. -

~
• 

~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~ ~~~~~~ -.~~ 
.. - - 

~~~~
-. .,..— 4 - - -~ I

.5 - - - -  — - —.5 — — - - — — -  — - - - — — — — ~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~ -—--.5 .5 —~~~~- — ~~~~~~~~~~~~~ - - - - -~~~~~~ —



. 5 —-- - - - ~~~~~~~~~~ — - —  —--5- -

K r e m se r , G. 1967 A u r o r a  and Ai rg iow , edited
b y B. M. M c C o rm ac , 477 .

Kraushaa r , W. L. 1974 In Proc . Workshop on
Elec t ron  Contaminat ion

in X - r a y  Astronom y Experi-
ments , NASA X- 661 -74 - 130 ,
Goddard Space Fli ght  Center ,

Greenbelt , Maryland .

Luhmann , J. G. 1976a J. Atrnos. T e r r . Phys. ,
in press.

Luhrnann , J.G. 1976b J. Atmos. Terr. Phys. 38,

605.

Lui . A. T. Y. and Anger  1973 Planet. Sp. Sci. 21 , 799.

C.D.

Lui , A. T. Y , Anger , C.D. 1975 3. Geophys. Res. 80, 1795

• Venkatsan, D .,  Sawchuk, W.
and Akasofu , S. I.

Mizera , P. F. Croley, Jr. 1975 J. Geophys. Res. 80 , 2129.

D . R . ,  Morse , F . A . ,  and
Vampola , A .L.

Peterson, L. E. 1975 Instrumental  Technique in

X-ray Astronomy, Ann. Rev.

Astron , Astrophys. 13 , 423.

Potemr a , T. A. and Zmuda , 1970 J. Geophys. Res. 75, 7161.

A . J .

R ees , M . H .  1964 Planet. Space Sd. 12, 1093.

R o g e r s .  E. H. , Nelson , D.F. , 1974 Science , 183 , 951.

and Savage . R . C .

-30-

- ~. ~~~~~~~~~~~~ ~~~~~~~~ ~~~ -~~~~~~~~~~~~~ -I- ~ ~~~~~~~~~~ -~~ -“

—‘.5 - — - -5- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~ _____-

~~~~~~~~



Seltzer , S. M. and Berger , 1974 J. Atrnos. Te r r .  Phys.

M. J. 36, 1283.

Snyder , A. L. , Akasofu , 1974 J. Geophys. Res. 79, 1393.

S.!. , and Davis, T. N.

Tawara , H.,  Hsrr ison, K .G . , 1973 Physica 63 , 351.

and de Heer , F. 3.

Torr , D. G., , Torr , M .R . , 1975 Planet. Space Sci. 23 , 15.
Walker , 3. C. G., and Hoffman,

R. A.

- 
- 

Vij. K. K. and Venkatesan, D. 1975 International Conference on

X-rays  in Space , Universi ty
of Calgary, Calgary,
Alberta, Canad a, 780.

Wilson, B. G., Baxter , A. 3., 1969 Canadian 3. Phys. 47, 2427.
.5— and Green , D. W.

-

~~~~~~~~ 

-31-

_______________ —.5-— - 5 .-- . -
.~~ - -v..- . )~ 

‘4

— 
-.5 .5,. •4 ~~~~~ - -. ~~~~~~~~~~~~~~ ~~~~~~~~~ ~~~~~ . - • , ... ..- • - - -I- - -—  — 

~“ ‘
~~~ ~~~ - ~~~ 

-. -‘
.5 

-
~~~~~~~_.--—-‘---—--------•---,---— - - -— - - - - .5.5 - -.5--— - - —---- -—-— --—- 5-

~~~~~~~~~~~~~~~ - -  —



.5- --- - — ~~~~~~~- - -  - - -. 5- . 5— - - -

,VO7~P~~~dxg~ ~~ e y,~12r’Y4r ~~~~~~~~~~~~~~

T HE  I V A N  A .  G E T T I N G  L A B O R A T O R I E S

The L i t~ , r a t • r ~ Operations of The Aerospa i-e  Corpora tion  is conducting

experimental and t h e o r e t ic a l  In’ est igations necessa ry  I • r  the evaluat ion and

app licat ion of sc ien t if i c  advances t • ,  new military concep ts  and system! . \‘ er-

- 
- s a t i l i t v  and f lex ibil i ty have been developed to a high degree  iv the laboratory

personnel in dealing w ith the many problems encountered in the nation ’ s rapidl y

developing space  and mi ss i  It sys tems . Exper tise  in lb , I ,t . st  sc ient i f ic de~-e l  -

oprflents is v i ta l  to the accomplishment of t a s k s  re la ted to  t h e s e  problems . H ,-
laborator ies that co nt r ibute to this research  ~,r,-:

Aerophys i cs  Labora tory:  Launch and reentry aerodynamic. , heat t rans  -
fe r . reentry phy s i c s , c hemical k ine t i cs , st ructural mechanics , f light dynamic s .
atmospheric pollution, and high-power gas lasers.

Chemistry and Phys i cs  Laboratory: Atmosp herit  r , a c t : o n s  and atm os-
pheric opt ics , chem ical  react ions in polluted atmosp heres , chemical re,,  t iof l !-
o f exc i ted  s pec ies  in rocket plumes , c hemical thermodynamics , plasma and
laser- induced react ions , laser chemist ry ,  propulsion ~ht ’ni istry, space va,-uum

- - I and radiation e f f e c t s  on mater ials , lubrication and sur face  phenomena. photo-
sens i t i ve  mater ia ls and sensors , high prec is ion laser ranging, and the appli-
cat io n of phy s i c s  and chemist ry  to problems of Law enforcement and bii,medicin,’ .

Electronics Resea rch  Laboratory: Electromagnetic  theory,  devices , and
propagation phenomena, inc luding plasma electromagneti  s quantum electron,, s .
la s e r s , and e lectro-opt ics;  communication sc iences , app lied electronics. semi -
conducting, superconducting, and c r y s t al device phys i cs , optical and acous t i ca l
imaging; atmospheric pollution; m illimeter wave and fa r - i n f ra red  technology.

Materials Sciences Laboratory: Developt-nent of new materials ; metal
matrix composi tes and new fo rms of carbon; test  and evaluation of graphite
and cera mics in reen t ry ;  spacecraf t  mater ia ls and e lectronic components in

— • nuc lear weapons environment;  app licat ion of f rac tu re  mechanics to s t ress  cor-
• ros ion and fat igue- induced f ractures in structural metals .

Space Sciences L.abo ton : Atmosp h e ric and ionospheric physics , radia-
tion from the atmosphere , density and composition of the atmosphere, au ro rae
and ai rglow: magnetosp heric phys ics , cosm ic rays , generat ion and propagation
of plasma w a v e s  in the magnetosphere;  solar phys ics , stu dies of solar magnetic
f ield* ;  spat e ast riiniimy. x - r a y  astronomy; the e f f e c t s  oi nuc lear  explosions,
magne t i  i s t , , r r i i s , -,nrt so lar a c t i v i ty  in the ear th ’ s atmos phere , ionosp her~- , and

7 m agnetosp here ; the e lfe ,  t s  it optical, e lect romagnet ic , and particulate radia-
f ions in space on space sy s t e m s .  -
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